Abstract. A simple extension of the Standard Model (SM) that provides an explicit realization of the dark-matter (DM) neutrino-portal paradigm is presented. The leading interactions between the dark sector, containing scalars and relic fermions, and the SM involve neutrinos. This model meets all observational constraints.
Introduction
Dark Matter (DM) presents an unambiguous evidence of physics beyond the Standard Model (SM). The most compelling DM paradigm assumes that it consists of one or more particles with very weak couplings to the SM [1, 2] , and having the correct abundance to explain the CMB observations [3] . This hypothesis has been probed extensively using direct [4] [5] [6] and indirect detection [7] [8] [9] [10] [11] [12] experiments, and in collider processes [13] [14] [15] [16] . To date, no evidence of DM effects in any of these experiments has been confirmed.
Many viable DM candidates have been proposed, spanning a large range in masses and interaction strengths (see, for example, [2, 17] ). In particular, reference [18] describes a possible scenario that ensures naturally small direct and indirect detection signals, without compromising the relic abundance inferred from CMB experiments. This scenario is based on the assumption that interactions between the dark and SM sectors are mediated by one or more Dirac fermions F, assumed neutral under all dark and SM symmetries, except fermion number. In addition, the dark sector is assumed to contain (at least) one fermion Ψ and one scalar Φ that have the same (non trivial) transformations under a symmetry group G DM , whose nature is not necessarily specified; the only assumption is that all SM particles are singlets under G DM , which ensures that the lightest dark-sector particle will be stable and so serve as a DM candidate.
Reference [19] shows the simplest model that realizes such a scenario and the implications of existing and projected experimental restrictions on the model parameters. Despite the high precision constraints available, there are significant regions of parameter space allowed. Given that the leading couplings between the DM and the SM sectors involve neutrinos, the model has a distinctive identifying feature: the presence of a monochromatic neutrino signal generated by DM annihilation in astrophysical objects.
Neutrino portal in effective theories
A dark sector that contains scalars Φ and fermions Ψ allows for the presence of an effective interaction with the SM of the form O (5) = (ΨΦ)(φ † ) where and φ denote, respectively, the isodoublets for a left-handed SM lepton and SM scalar (φ = iσ 2 φ * ); this dimension-5 operator can be generated at tree-level by the exchange of a neutral fermion F. Within the F-mediated paradigm this operator describes the strongest interactions between the SM and the dark sector, which always involve a neutrino: this is a neutrino portal scenario (neutrino portals have been studied in related contexts for example in [23] ). The presence of a Ψ-Φ-ν coupling also implies that the heaviest of the dark particles will promptly decay into the lightest, so there will be a single DM relic despite having a dark sector with two (or more) particles.
In addition to the above F-induced coupling, the presence of dark scalars allows for the usual Higgs portal coupling |Φ| 2 |φ| 2 . If the dark fermion is heavier than the dark scalar, m Ψ > m Φ , then Φ constitutes the DM relic and the physics of the model is dominated by the effects of the Higgs portal coupling, which has been extensively studied in the literature. In contrast, if m Ψ < m Φ , the Higgs portal coupling is secondary to (2) and the phenomenology is completely different; for example, the leading interactions relevant for direct detection are produced by the dimension 5:
effective operators that are generated at one loop 1 by the F. The fact that the F create interactions at tree-level and at one loop is what allows for the required relic abundance to be obtained within the constraints of direct and indirect detection experiments, without fine-tuning.
UV completion: Neutrino portal DM model
The simplest model realization (fully described in [19] ) of the above paradigm consists of the following: i) A dark sector which contains one scalar Φ and one fermion field Ψ, transforming under a global symmetry under which all SM fields are singlets such that m Φ > m Ψ , so that the fermion is stable. ii) The model contains in addition three Dirac fermions F, neutral under the dark and the SM symmetries. iii) Lepton number is conserved (except for possible instanton effects). The Lagrangian of the model is:
where i and e R i denote, respectively, the left-handed SM lepton isodoublets and right-handed isosinglets (i = 1, 2, 3 is a family index); φ is the SM scalar isodoublet; Ψ and Φ are the dark fermion and scalar fields; and F i are the (Dirac) neutral fermion mediators. M is the 3 × 3 Hermitian mass matrix for the F, while the Yukawa couplings Y (e) , Y (ν) are general 3 × 3 complex matrices.
The fields F and ν are replaced by the fields N and n L to diagonalize the mass matrix:
where Y (ν) = √ 2/vV ηU M is redefined with a standard polar decomposition, and
In this basis the n L are massless left-handed fermions that correspond to the SM neutrinos, and (N L , N R ) form a set of Dirac fermions with mass matrix M N . The interaction terms then become:
The number of physical parameters is 3 for m e , M, z and η each, plus 1 for m Ψ , m Φ , λ x each, plus 4 for V and 8 for U , for a total of 27. Note that the presence of the F in (3) modifies the couplings of the charged and light neutral leptons to the SM bosons, as well as couplings involving the heavy neutral leptons N . The DM-SM interactions arise from the fourth term in (3).
As emphasized above, the termΨz T U † Sn L Φ, represents the leading couplings between the dark and SM sectors, which justifies our denoting this a "neutrino portal" scenario. The presence of the Ψ-Φ-n L coupling implies that whenever m Φ > m Ψ the scalar field will decay promptly into the fermion and a neutrino: 2 this model, while having a multi-component dark sector, has a single component DM relic. However, the presence of the Φ is essential for generating the leading DM-SM interactions. Although Z-DM and H-DM couplings are not generated at tree level in (3), they are induced at one loop ( fig. 3 ) and represent the leading coupling in direct detection processes and produce important resonant effects in the annihilation cross section when m Ψ m Z /2. In the special case, thoroughly revised in [19] , where |η| 1 and the mass states N are almost degenerate:
As a consequence, the observables of interest (the cross sections relevant for relic abundance and indirect detection calculations) will depend on λ x , η, U and z only through the two real combinations |ηU z| and λ x |z| 2 .
Observational constraints
All the experimental constraints that are presented below are computed assuming the special case of quasi-degenerate heavy fermions. In this case the relevant parameters are the masses m Ψ , m Φ , a heavy mass scale Λ (the cut-off scale) and the coupling combinations |ηU z| and λ x |z| 2 . Two possibilities are analyzed for the mass spectrum in the dark sector, a quasi-degenerate spectrum m Φ < m Ψ + 10 GeV and a non-degenerate spectrum m Φ ≥ m Ψ + 10 GeV, with m Φ > m Ψ in either case, as required in the scenario considered here. Additionally, it is required that |z| ≤ 2, which is slightly more conservative than the limits |z i | < √ 4π, derived from tree-level unitarity 3 for each component of z, using the process ΨF → ΨF. We used the aid of the public codes MicrOmegas [20] and CALCHEP [21, 22] .
Electroweak constraints
The tightest restrictions on the model parameters are derived from the decays of the Z and H gauge bosons 4 .
(i) The experimental result Γ(Z → inv) = 499.0 ± 1.5 MeV [24] for the invisible width of the Z generates the most stringent bound on the parameters of the model: i η 2 i < 0.014 (3σ) where the η i are the diagonal elements of the diagonal matrix η.
(ii) Latest results from the ATLAS experiment at the LHC [25] [26] [27] report an upper bound
Relic abundance
The leading DM-SM interaction is generated by the (tree-level) exchange of the dark scalars Φ (figure 2) and represent the most important reaction responsible for the equilibration between the dark and standard sectors in the early Universe. If the dark scalar is slightly heavier than the dark fermion (the so-called the quasi-degenerate case), even though it decays promptly to the dark fermion and a neutrino, coannihilation processes become important when computing the present density of the relic fermions since the temperature in this case at the equilibration process is higher than the difference in their masses. All of these effects are taken into account in the numerical calculations. 5 The remaining relevant interaction is generated by the one-loop induced Ψ-Ψ-H coupling, and consists of the s-channel exchange of the H boson (figure 2), dominant in the resonance region m Ψ m H /2. A similar interaction generated by the s-channel exchange of the Z boson is small but observable in the resonance region m Ψ m Z /2. The constraints imposed by Planck [3] are better illustrated in the (m Ψ , Λ eff ) plane ( fig. 3) , where Λ eff defined as The cyan areas denote the allowed regions for the quasi-degenerate case; in this case the invisible Z constraint is sensitive to m Φ with the grey bands corresponding to m Φ = m Ψ + {0, 1, 3, 6, 10} GeV (dark to light grey, respectively). We set |z| = 2 for illustration.
Direct detection
The leading interactions between the dark matter and the neutral bosons Z and H are induced at one loop, generated by the diagrams in figure 3 hence, naturally suppressing the interactions of the dark matter with quarks. Both axial-vector and vector and scalar couplings are proportional to |ηU z| 2 or λ x |z| 2 ln(Λ/m Φ ), where only the first parameter combination is affected by the relic abundance constraints. Hence both spin-dependent and spin-independent cross sections are roughly of the same order. Figure 4 shows the projection of the numerical results for xenon nuclei to the (m Ψ , σ SI ) plane, together with the present bounds from LUX [4] 6 and the expected sensitivity from XENON1T [28] . . DM-nucleon spin-independent cross sections compatible with the relic abundance and electroweak constraints for the non-degenerate (blue) and quasi-degenerate (cyan) cases. The region above the solid (dashed) lines is (will be) excluded by the LUX (2016) (XENON1T) experiments.
Indirect detection
Accumulated DM particles in the core of astronomical objects like the Sun can then annihilate into neutrinos, or other SM particles, that can be detected, after traveling to Earth and interacting with the detectors, in astrophysical high energy neutrino experiments (see for example [29] ). Given the small DM velocities, the neutrino spectrum of the ΨΨ → νν channel in our model is essentially a delta function centered around E ν m Ψ that would show up as a monochromatic line in a detector if the corresponding experimental sensitivity is reached. In figure 5 we show the predicted flux of muons produced from the interaction of the neutrinos inside a water Cherenkov detector (contained flux), and the flux of muons produced from the interaction of up-going neutrinos with the rocks surrounding the detector (upward flux), as predicted by our model and taking into account Planck and LUX constraints. There are no significant experimental constraints for neutrino final states in DM annihilation for DM masses below 100 GeV 7 .
Other extragalactic unresolved point-sources, such as the galactic halo, galactic center, galaxy clusters, dwarf galaxy satellites are also sources of DM annihilation products that may be accessible to indirect detection experiments [17, 32] . In particular, gamma rays and neutrinos produced as primary or secondary products of DM annihilation will travel essentially undisturbed through space, so the flux of these particles is proportional to the (present time) thermally-averaged, annihilation cross section of non-relativistic DM relics. In figure 6 (right) we show the annihilation cross section of ΨΨ into neutrinos versus the DM mass m Ψ for regions in parameter space that meet the relic abundance and direct detection constraints. There are no significant experimental constraints for neutrino final states in DM annihilation for DM masses below 100 GeV. Figure 6 (left) shows the annihilation cross sections of the process ΨΨ → bb in the non-relativistic limit generated by the Z boson exchange, versus the DM mass m Ψ , with all points fulfilling the relic abundance and direct detection constraints. The recent Fermi-LAT limit [9] , obtained by searching for bb annihilation products in several dwarf galaxies having a high ratio of DM to ordinary matter, is also displayed.
Conclusions
A simple model realization for DM interactions in the neutrino portal paradigm is revised taking into account updated LUX results [4] . The relatively large DM-neutrino couplings allow an annihilation cross section large enough to generate the expected relic density, while simultaneously 7 Available limits by SuperKamiokande or Icecube [7, 30] depend on the DM annihilation final states, which are chosen usually to be the so-called soft (bb) or hard channels (τ + τ − ); also available are limits for the W + W − and direct neutrino production channels [31] obeying the direct-detection constraints, because of the suppressed couplings to the Z and H without fine tunning. The indirect detection constraints are also easily accommodated because in this scenario the main annihilation products are neutrinos, for which the available limits are weak. It is of interest that there are two distinctive scenarios depending on the mass spectrum in the dark sector. If the dark scalars are only sightly heavier than the fermions, coannihilation processes become important in generating the freeze-out of the DM fermions, the lightest and only stable particles, and wide regions of parameter space are allowed. In the case of nondegenerate dark particle states, electroweak constraints restrict the DM mass to lie in the range 2.3 GeV ≤ m Ψ ≤ 35 GeV or near the H resonance region m Ψ m H /2. In contrast, for quasidegenerate dark scalars and fermions, the electroweak constraints together with LUX constraints exclude only the relatively narrow range 35 GeV ≤ m Ψ ≤ 52 GeV.
